1
Introduction 2001).

27
[3]
For impulsive swimming behaviors, such as jumping, two unsteady viscous vortex 28 ring models (an impulsive Stokeslet and impulsive stresslet) have been applied across several 29 species of copepods (Kiørboe et al., 2010b; Jiang and Kiørboe, 2011a,b; Murphy et al., 2012; 30 Catton et al., 2012) . The impulsive stresslet model has been found to be appropriate for 31 repositioning jumps and escape jumps of larger copepods (Jiang and Kiørboe, 2011a; Catton 32 et al., 2012) ; the impulsive Stokeslet model has been shown to describe escape jumping cope- sive stresslet models, respectively (Jiang and Kiørboe, 2011a) . In other words, the velocity 36 magnitude of the hydrodynamic signal generated by jumping copepods falls off more rapidly 37 than for a continuously swimming or feeding organism. Therefore for smaller organisms, con-38 tinuous feeding behavior has increased risk for prey trying to avoid predation (Kiørboe et al., 39 2010b). For copepods that generate hydrodynamic signals more akin to impulsive stresslets 40 than impulsive Stokeslets, the flow field provides camouflage surrounding the animal's body 41 such that a predator cannot isolate the copepod's position from the hydrodynamic signal 42 (Jiang and Kiørboe, 2011a) . Although demonstrated successfully in copepods, we would 43 like to determine whether other impulsively swimming organisms, specifically jet propelled 44 medusae, can be described using impulsive, viscous vortex ring models.
45
[4] Medusan propulsive modes are described as either rowing or jetting (Colin and Costello, 46 2002; Dabiri et al., 2005 Dabiri et al., , 2006 . A medusan swimming cycle is comprised of a contraction and relaxation phase. Rowing propulsion is characterized by slower contraction and relax-48 ation phases (or swimming cycles), where the flow structures combine to augment propulsion 49 (Dabiri et al., 2005) . Jetting medusae swim by rapid, full-body contractions, which expels 50 fluid from the subumbrellar cavity and results in forward momentum (Daniel, 1983; Dabiri 51 et al., 2006) . Jet-propelled medusae are able to achieve high swimming speeds, although 52 doing so is energetically unfavorable when compared to rowing (Daniel, 1985; Sahin et al., 2009; Dabiri et al., 2010) . Interestingly, the selection of swimming modes are strongly cor-54 related with feeding behavior and morphological characteristics (Colin and Costello, 2002;  55 Colin et al., 2003; Costello et al., 2008) . Therefore, despite utilizing an inefficient mode 56 for swimming, jetting medusae remain motionless most of the time and forage as ambush 57 predators (Colin and Costello, 2002; Colin et al., 2003) .
58
[5] Numerous studies have been conducted to understand the animal-fluid interactions 59 medusae encounter throughout development (McHenry and Jed, 2003; Weston et al., 2009; 60 Blough et al., 2011; Herschlag and Miller, 2011) . As adults, medusae occupy fluid regimes 61 where Reynolds numbers vary from 100-1000, and inertial forces dominate. Medusan ephyrae 62 bud at length scales on the order of 1 mm, and swim in fluid regimes where viscous forces 63 cannot be neglected (Re ∼ 10). Viscosity has been shown to profoundly alter the boundary 64 layer dynamics and swimming ability of rowing medusae (Feitl et al., 2009) , however little is known about these dynamics for small (∼1 mm velar diameter), jetting medusae. Although 66 observations of jetting medusae have relied on the use of dye visualization and particle track-
67
ing to describe swimming kinematics (Colin and Costello, 2002; Weston et al., 2009; Blough 68 et al., 2011) , little is known about jetting propulsive performance. Due to the challenges 69 associated with capturing fluid motions at small length and time scales, there is a limited 70 body of literature devoted to measurements of the hydrodynamic signals and energetics of 71 jetting organisms in general (Bartol et al., 2009 ).
72
[6] Like copepods, jetting medusae generate thrust quickly by accelerating fluid on fast 73 time scales (Daniel, 1983; Colin et al., 2003; Dabiri et al., 2006) . Fluid expelled from the 74 subumbrellar cavity of a medusa generates a toroidal vortex ring, a structure that is also 75 present in jumping copepod wakes (Kiørboe et al., 2010b; Jiang and Kiørboe, 2011b; Murphy 76 et al., 2012) . Therefore, we expect that the unsteady analytical models used to describe 77 copepod jumping can be used to describe swimming by small, jetting medusae. The purpose 78 of this study is to identify which analytical model best describes swimming by jetting medusae 79 at small size scales. We conducted digital particle image velocimetry (DPIV; Adrian, 1991;  80 Willert and Gharib, 1991) fluid from the body cavity of the animal, which creates a vortex ring in its wake (Fig. 1A) .
98
The vortex ring in the wake can also be represented by a compact region of vorticity (Fig. 1B) .
99
In addition, as the body moves, a compact region of opposite-signed vorticity is generated 100 near the surface of the animal's body. The impulsive Stokeslet model replaces the wake 101 flow generated by the jetting animal with a point momentum source applied in the direction 102 opposite to its direction of motion (Fig. 1C) . The impulsive stresslet model differs from the impulsive Stokeslet model in that the overall flow is replaced with two point momentum 104 sources directed away from each other in order to represent (assumed) equal contributions of 105 wake vorticity and body-bound vorticity due to the jetting process (Fig. 1D) . Therefore, the 106 major difference between the two impulsive, unsteady models is the relative contribution of 107 the body-bound vorticity to the fluid signature generated by the swimming organism.
108
[9] Based on a preliminary visual examination of flow patterns generated by small Sarsia 109 tubulosa, the apparent lack of body-bound vorticity during swimming suggests that an im-
110
pulsive Stokeslet rather than an impulsive stresslet more accurately represents the flow field.
111
To statistically determine whether one impulsive model over another describes swimming by features) generated by their swimming. These tests are described in more detail in the follow-
115
ing sections, and derivations of related quantities can be found in Kiørboe et al. (2010b) and 116 Jiang and Kiørboe (2011a,b) . Results from these two tests will be used to inform whether 117 an impulsive Stokeslet or impulsive stresslet model can describe small, jetting organisms. 
The analytical solution described by Eq. 4 is for the flow starting from a singularity. Thus,
146
when fitting the measured circulation data to Eq. 4, a virtual time origin (t 0,2 ) has to be 147 included.
148
[14] Finally, from dimensional analysis, a measured quantity that characterizes the strength 149 of the assumed impulsive stresslet-like S. tubulosa flow field (M measured ) can be defined as
where D travel is the distance traveled by the animal over a single swimming cycle. 
whereŶ i is the ith value of the linear model and Y i are the measured values (Turner, 1960; 167 Eisenhauer, 2003 field with stagnation points and vorticity maximum and minimum indicated by the asterisks.
175
The velocity and vorticity fields correspond to 0.52 s after the start of the contraction phase
176
and near the start of the relaxation phase. In the inviscid vortex ring limit, the separation 177 of the positions of the velocity stagnation points and maximum and minimum vorticity re-178 mains constant over time. However, in the viscous vortex ring limit, the positions of these 179 points diverge over time, resulting in an increasing separation distance. As shown in Fig. 2 Oxford Lasers), and built-in optics generated a light sheet 0.5 mm thick. In order to resolve 205 the high-speed, short duration flows generated by medusae, images were captured at 1000 fps using finite differencing and data was smoothed (using a Savitzky-Golay filter) using Matlab.
217
The characteristic length and velocity scales used to determine the Reynolds number (Re)
218
correspond to the relaxed velar diameter and the maximum swimming velocity, respectively.
219
Although data were collected for animals ranging in size, we present data for 11 separate 220 swimming cycles of ∼1 mm velar diameter S. tubulosa.
221
[21] Velocity fields were calculated with DaVis (LaVision), a digital particle image ve-222 locimetry (DPIV; Adrian, 1991; Willert and Gharib, 1991) software package, using a multi- 
244
[23] By assuming that the medusan wake is axisymmetric, we can fully characterize in-245 teresting fluid dynamics quantities (i.e., wake kinetic energy, circulation, impulse, etc.) using 246 planar measurement techniques. For an axisymmetric flow, the time-varying fluid circulation 247 Γ (t) can be found from the vorticity field ω by
where S is an arbitrary surface bounded by a closed contour surrounding the non-zero (pos-249 itive or negative) vorticity field and ∆S corresponds to the velocity field grid mesh spacing.
250
An in-house Matlab code was used to compute the circulation in the wake of swimming S. cases (Lipinski and Mohseni, 2009; Dabiri et al., 2010; Herschlag and Miller, 2011) . The first 282 frame shows the fluid disturbance generated at the initiation of the contraction phase. For 283 the ∼1 mm S. tubulosa, the second frame corresponds to the end of the contraction phase 284 where a vortex ring is clearly present. The third frame reveals the fluid disturbance midway 285 through the relaxation phase; fluid is being pulled into the subumbrellar cavity of the medusa 286 and strong vorticity with opposite rotational sense of the vortex ring in the wake is present.
287
In addition, an elongated vortex ring is present in the wake of the ∼1 mm medusa. The 
293
[27] From the time-varying velocity and vorticity fields (in Fig. 4 ) and using Eq. 9, the 294 time varying fluid circulation (Γ) in the wake of swimming S. tubulosa can be determined. The fitting constants (I f itted and M f itted ) for the impulsive viscous vortex ring models are 306 determined by fitting the decay phase of the fluid circulation data.
[ (Table 2, that these flow fields may be more accurately described by an impulsive Stokeslet.
320
[29] Sarsia tubulosa (Fig. 4) , the apparent lack of body-bound vorticity during jetting propulsion
337
suggests that an impulsive Stokeslet rather than an impulsive stresslet more accurately rep- and M f itted ) and a linear fit is generated from the data (thick black line; Fig. 6 ). by ∼1 mm velar diameter S. tubulosa was best described by the impulsive Stokeslet model,
392
which is characterized by a strong region of vorticity in the wake with negligible body-bound 393 vorticity.
394
[
35]
The magnitude of body-bound vorticity is much less than vorticity associated with 395 the wake vortex (Fig. 4 , t = 0.065 s). This difference in vorticity may be attributed to 396 the kinematic swimming behavior and is discussed below. For jumping copepods undergoing 397 repositioning hops, a strong body-bound region of vorticity is ecologically beneficial due to the 398 hydrodynamic camouflage it provides from other predators (Jiang and Kiørboe, 2011b) . A 399 predator searching for copepods would detect the same fluid signature for a vortex ring in the 400 wake and the vorticity bounding the body, and would be unable to distinguish between them.
401
This fluid signal, represented by an impulsive stresslet, would be ecologically beneficial to 402 small organisms trying to avoid predation (Jiang and Kiørboe, 2011b versely with stroke duration, and confirms previous findings (Kiørboe et al., 2010a; Jiang 442 and Kiørboe, 2011b ). In addition, given similar power stroke durations, the maximum swim- acquisition frame rates, we suspect that the maximum swimming speeds of C. finmarchicus,
445
E. rimana, and E. elongata (Murphy et al., 2012; Catton et al., 2012) should be larger than
446
reported. Subsampling of data at frame rates less than 1000 fps for impulsive swimming 447 behavior will also affect results for power stroke duration.
448
[39] The strength of hydrodynamic signals generated by small, jetting medusae are com- signatures generated by 2-3 mm copepods (Γ max ≈ 100 mm 2 s −1 for C. finmarchicus and 453 E. elongata; Jiang and Kiørboe, 2011b; Catton et al., 2012 of the copepod's body (Murphy et al., 2012) . However, in our studies of jetting S. tubulosa,
479
we do not observe this feature in the wake of medusae whose bodies lack rotation during 480 swimming. We suspect that the difference in hydrodynamic signatures are due to the vortex and leaves behind an elongated region of vorticity (Jiang and Kiørboe, 2011b) . Therefore,
484
this elongated flow feature may only be present in straight, escape jumping copepods.
485
Factors dictating the continuum of vortex ring models [42] As discussed earlier, there are many factors that dictate the flow fields generated by 487 impulsively swimming organisms, with body size and power stroke duration playing a major 488 role. Differing body kinematics between medusae and copepods may also alter flow fields.
489
Recall that the body bound vorticity surrounding S. tubulosa is much lower in magnitude 490 than the wake vorticity (Fig. 4) . This difference in vorticity may be partly attributed to the 491 kinematic behavior of ∼1 mm velar diameter S. tubulosa. Roughly 0.2 s before the end of bell 492 contraction (Fig. 3) , the swimming speed reaches a maximum. Although fluid is still being 493 expelled from the subumbrellar cavity, the resultant propulsive force is overcome by viscous 494 forces on the body, and the swimming speed begins to decrease. However, the velar diameter 495 continues to decrease and the bell height continues to increase (Fig. 3) , resulting in a more Stokeslet. To be sure, further analysis is required to determine the relative importance of 506 this effect on the hydrodynamics of swimming bodies.
507
[43] Although dynamic drag reduction of swimming medusae may play a role in dictating 508 the flow field generated by impulsively swimming organisms, a physical explanation based on 509 power stroke duration, jump distance, and body size is more easily supported. An impulsive 510 stresslet consists of two simultaneously applied impulsive Stokeslets that are separated by a 511 short distance ( , Fig. 1 ). As the distance between the impulsive Stokeslets in an impulsive stresslet are increased, we hypothesize that the flow field evolves in a temporally separated 513 way as two impulsive Stokeslets. Therefore, (1) if the jump distance is larger than the body 514 length scale L and (2) if the power stroke duration is longer than L/U , where U is the 515 maximum swimming speed, the distance between the impulsive Stokeslets in a stresslet is 516 increased. The wake flow field becomes less influenced by the flow field surrounding the 517 moving body and becomes more akin to an impulsive Stokeslet only. In other words, for an 518 impulsive stresslet to apply, the organism's jump distance needs to be small and the power 519 stroke duration needs to be brief.
520
[44] As discussed earlier (refer to Jiang and Kiørboe, 2011b) , where the distance traveled during escape jumping is larger than 526 repositioning jumps. Escape jumps with multiple leg beats result in higher power stroke 527 durations and travel distances (Jiang and Kiørboe, 2011a; Murphy et al., 2012) . Based on 528 our above hypothesis, the flow field generated by C. finmarchicus during an escape jump 529 with multiple leg beats should more closely resemble an impulsive Stokeslet. Although ex-
530
perimental results of an escape jumping (with multiple leg beats) C. finmarchicus has been 531 associated with an impulsive stresslet (Murphy et al., 2012) , we suspect that the rotational 532 and asymmetric swimming behavior of the copepod altered the flow field significantly. To be 533 sure, the scaling proposed above is applicable to straight, axisymmetric, impulsive swimming 534 behavior.
535
[45] As organism size, travel distance, and power stroke duration increase, wake vortex 536 rings begin to resemble classical inviscid vortex rings (Dabiri et al., 2010; Herschlag and overall ecology need to be studied. Throughout its life cycle, an organism utilizes differ-554 ent swimming strategies and behaviors to feed, avoid predation, and reproduce (Yen and 555 Strickler, 1996; Visser, 2001; Kiørboe, 2008 and five different species of copepods: Oithona davisae, Acartia tonsa, Calanus finmarchicus, Euchaeta rimana, and Euchaeta elongata (Kiørboe et al., 2010a; Jiang and Kiørboe, 2011b,a; Murphy et al., 2012; Catton et al., 2012) . The body size scale corresponds to the velar diameter and prosome length for S.
tubulosa and copepods, respectively. The power stroke duration (t stroke ) corre- Oithona davisae, Acartia tonsa, Calanus finmarchicus, Euchaeta rimana, and Euchaeta elongata (Kiørboe et al., 2010a; Jiang and Kiørboe, 2011b,a; Murphy et al., 2012; Catton et al., 2012) . The body size scale corresponds to the velar diameter and prosome length for S. tubulosa and copepods, respectively. where A sep is 1.71, and the average for all ∼1 mm velar diameter cases is 1.67 (Table 2 ).
